ABSTRACT Sudden loss of bulk power generation will result in significant power shortage and power flow redistribution, which may lead to insecurity and/or stability problems. Under this condition, load shedding (LS) and corrective line switching (CLS) can be used to guarantee a reliable electricity supply. However, at present, the above two procedures are implemented separately, which may deteriorate each other and cause unnecessary load loss. To address this issue, a coordination optimization method is proposed to coordinate event-driven LS and CLS for enhancing power system security and stability as well as reducing LS amount simultaneously. A two-loop integrated algorithm is designed to solve the constrained optimization problem, which takes the transient frequency/voltage deviation and overload capacity of the transmission lines as constraints. In the inner loop, iterative optimization of the LS for frequency/voltage security is achieved based on linearized sensitivity analysis, and then step-by-step summation is employed to get the LS amount for alleviating overload. Neighbor search is used in the outer loop to coordinate event-driven LS and CLS so as to optimize the total LS amount. The effectiveness of the proposed method is validated in a modified IEEE 39 bus test system and an industrial power system. The results show that the proposed scheme can decrease the LS amount without improve the transient security while maintaining the transient security and alleviating overload.
F
The objective function minimizing the LS amount.
N
The number of the buses with LS. p i The LS amount at the i th bus. η T The transient security margin vector. ε T The transient security margin threshold vector. η S The overload margin. ε S
The overload margin threshold.
L j
The on/off states of the jth line (1 or 0).
The associate editor coordinating the review of this manuscript and approving it for publication was Zhiyi Li.
J
The upper limit of the standby branches that can be switched on.
The maximum load amount that can be shed at the ith LS bus. ε f
The predefined thresholds of TFDS. ε V The predefined thresholds of TVDS.
AP i
The apparent power of the i th branch.
AP in
The rated power of the i th branch. N AP,monitor The number of monitored branches.
F T
The object function minimizing the LS amount for transient security. P T The control vector of LS for transient security. p T ,i The ith element of P T .
F S
The object function minimizing the LS amount for overload. 
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The event-driven LS amount (continuous variable). P opt, T The optimal control vector of LS for transient security F 1 The total LS amount in the optimal coordination. F 2 The total LS amount solved under the optimal CLS without integrated iteration.
N int
The number of the integrated iteration under certain CLS strategy.
I. INTRODUCTION
A variety of disturbances may occur in power systems, such as extreme natural events, short circuit faults, equipment failures and mis-operations [1] . It will lead to power imbalance in the power system when important transmission lines or generators are tripped off unexpectedly. Consequently, there will be some detrimental impacts as follows: 1) Large frequency and voltage deviations, which can threat transient frequency deviation security (TFDS) and transient voltage deviation security (TVDS) [2] , [3] ; 2) Significant power flow redistribution, which may cause overload of the transmission lines and transformers or even trigger the overload protection [4] . The increasing penetration of the intermittent renewable generations, especially the centralized renewable energy sources, has substantially changed the characteristics of power system. The power flow of the transmission lines changes more dramatically than ever before. The frequency regulation capacity of the power system is decreased as the massive integration of the converter-based generators. Therefore, it is critical important for the electricity utility to design new control strategy to minimize the consequent security and stability problems as well as to decrease the load loss after unexpected contingencies.
The above mentioned problem has drawn attentions both in literature and industry for years. Load shedding (LS) is a common strategy for both restraining large frequency/voltage deviation and relieving overload. When considering TVDS/TFDS, the response-driven LS principle is normally used as the last resorts, such as underfrequency load shedding (UFLS) and under-voltage load shedding (UVLS). Traditionally, the two strategies are studied separately based on the estimation of frequency and voltage deviations, respectively [5] , [6] , which may deteriorate each other. A new resolution is to incorporate both of them in a unified framework [2] . Besides, LS has also been used to regulate the power flow through transmission devices, and hence alleviate the overload. Some other algorithms are also employed recently. The synchronized sampling data from phasor measurement units (PMUs) are used for improving LS algorithm in [7] and [8] . An online used transmission switching methodology is proposed in [9] based on data processing, which aims to increase the load margins and static stability limitation of the transmission lines. In [10] , the realtime dynamic thermal line rating is used in designing the LS strategy hence to reduce load loss and enhance the system security.
Conventionally, TVDS/TFDS and overload are considered separately on time scales, which is reasonable as overload is relatively a slow and long process. However, for the rapid overload circumstances caused by sudden loss of a large amount of power, it is preferred to coordinate TVDS/TFDS and overload in a unified framework when LS is inevitable for alleviating overload. This can also occur to other contingencies, such as the tripping-off of one heavy-loaded parallel line and the switching-off of the high voltage transmission lines in electromagnetic loops. Under these circumstances, event-driven LS is more suitable as the response-driven LS has two disadvantages: 1) a large amount of LS is needed to maintain system stability as the insecurity conditions only can be detected in a duration (called response time) after the disturbance; 2) large scale flow redistribution or even consequent cascading failure can occur without obvious frequency or voltage fluctuation in the early stage [11] . Besides, using event-driven LS principle, the LS for alleviating TVDS/TFDS and preventing overload can perform simultaneously according to the predefined settings. In this way, the total LS amount can be decreased as the LS for alleviating the overload is activated earlier and also beneficial for reducing frequency and voltage deviations.
Corrective line switching (CLS) has been practically used as an alternative way to mitigate overloading in transmission systems [12] - [16] . By changing network topology, the power flow distribution will be altered, which can alleviate overload of certain devices and reduce the LS amount [12] , [13] . According to the recommended procedures, the switching operation can be performed quickly in case of emergency [17] . There have been plenty of efficient methods available to solve the CLS problem and to find a feasible network topology. DC power flow based method is a simple but feasible way [12] . More recently, some algorithms with higher accuracy have received considerable attention. In [13] , a multiobjective optimization approach was proposed to solve the problem. A real-time contingency analysis software package based on AC power flow techniques was developed with the heuristic method in [14] . The increasing penetration of renewable energy resources and the growing requirement for security and economic efficiency make the CLS more attractive to industry [18] . This paper aims to develop a new framework for the coordination of event-driven LS and CLS to solve the TFDS/TVDS and overload problems simultaneously with the least LS amount. This work is partially based on our previously published papers [11] , in which the event-driven LS for TFDS/TVDS is optimized in a unified framework. However, in this paper, the consideration of the subsequent overload makes it a coordination optimization problem (COP), which is more practical and challenging. The contribution of this paper can be summarized in 3 aspects: (1) A two-loop integrated scheme is designed to solve the problem by decoupling the model into two successive procedures; (2) The iterative optimization and step-by-step summation are employed to optimize event-driven LS for TFDS/TVDS and overload; (3) Neighbor search is used to achieve the coordination between event-driven LS and CLS to decrease the LS amount. More specifically, only the switching of the available standby lines is taken into consideration in this paper. In practical application, event-driven LS is performed immediately after the disturbance hence the transient security can be maintained, then the standby transmission lines are switched on after the system dynamics are stabilized. This paper is organized as follows. In Section II, the mathematical model for coordinating event-driven LS and CLS is described. In Section III, a two-loop integrated algorithm is proposed to coordinate event-driven LS and CLS after analyzing the problem. Section IV describes the algorithm in detail and further discusses the solutions. In Section V, the test results of the algorithm with two cases are presented in detail. Finally, conclusions and future work are given in Section VI.
II. MATHEMATICAL MODEL OF COORDINATING LS FOR TVDS/TFDS AND OVERLOAD

A. COORDINATION MODEL
To optimize the coordinated event-driven LS for transient security and overload in an integrated framework considering the potential CLS, the problem can be modeled as:
Different from our previous work in [19] , this model takes into account the CLS process, which makes the problem more complex. There are 4 inequality constraints in (1). To make the paper self-contained, the constraints are listed as follows: a) Transient security constraint η T ≥ ε T ; b) Overload constraint η S ≥ ε S ; c) Maximum number constraint of the standby branches
B. TRANSIENT SECURITY CONSTRAINTS
These constraints are based on the quantitative assessment of TFDS/TVDS, which are assigned as η f and η V , respectively. In this paper, the indexes are calculated using two-element tables [X cr , t Xcr ] based on time-domain trajectories [20] , [21] . In this way, η T and ε T in (1) are denoted as,
This constraint relies on the overloading assessment for every branch. The overload margin η S is calculated as:
where η S > 0 means there is no overload in the system; η S = 0 means the system is in a critical condition; η S < 0 means the system is overloaded. Though η S is a qualitative index used for indicating whether the system is overload or not, more detailed information can be recorded in the calculation process, such as the number of the overloaded branches, the total amount of the power violating the balance and the sequence of the lines according to overload level, etc.
Practically, to ensure transient secure and avoid overload, ε f , ε V and ε S are all set as small positive numbers to provide some margin.
D. CONSTRAINT OF THE MAXIMUM STANDBY BRANCHES
This constraint limits the number of the switchable lines, which is common and practical with CLS technologies [12] , [14] . For the rapid overload caused by large disturbances, the fast switching-on of the standby lines is more efficient and desired in the industry. To avoid the potential risk of the switching-out of the transmission lines, only the switchingon of the standby lines is considered in this paper. L j = 0 and 1 represent the jth standby line is switched off and on, respectively.
The assumption can be stated as follows. With the development of the high voltage transmission lines, there emerges electromagnetic loops in power system, which may lead to stability problems. Therefore, some lower voltage branches are intentionally de-energized under normal operation conditions, which can be seen as standby branches and ready for being switched on under emergency. There are also some offline devices that just had maintenance in power system, which can also be switched on whenever necessary. There have been some industrial attempts in practical power system in China. In [22] , the switching of the standby lines or transformers is used to eliminate overload coordinating with active power dispatch.
E. LOAD SHEDDING AMOUNT CONSTRAINT
The available LS amount at each bus is different and the upper limitation can be set separately. For some important customers, the load should not be shed actively. In the LS process, the LS priority order of the buses can be set in advance according to the availability and significance of the load and the relevant cost. Otherwise, the optimal LS sequence will be calculated according to the sensitivity of the LS at each bus respect to power system. The details can be found in [11] .
The power system load is time-varying, which makes the available LS amount at each bus a variable in practical application. With the increasing application of the high-frequency meters (PMUs, smart meters, etc.), the load can be obtained in a more efficient way. For example, it is predicted that 72% of the consumers in Europe will implement smart meters by 2020 [23] . The data can be rapidly uploaded to the control center for the measurement-based and event-driven LS, and other applications. Besides, the coordination and optimization algorithm of event-driven LS is executed periodically rather than in real time due to the computation time restriction. It is reasonably assumed that within the execution period the power system load is constant, e.g. within 5 minutes [11] .
III. TWO-LOOP INTEGRATED ALGORITHM
Mathematically, the coordination of event-driven LS and CLS is a multi-stage, nonlinear, mixed integer programming (MIP) problem. The control variables include discrete LS variables and binary line state variables. For simplicity, the LS variables are assumed to be continuous in the solving process. And then the most approximately LS amount that can provide the solved amount at each bus is chosen as the final solution. The development of the demand response and flexible load management in the power system makes the solution practical in the future [24] . Besides, transient security and overload are normally taken as two sequential procedures, which motivates the idea of decoupling the process on time scale. And the quantitative assessment of TFDS/TVDS and overload margins makes the problem difficult to be solved in analytical way.
To address these issues, the model of the event-driven LS and CLS is decoupled into transient security stage and overload stage successively. Then a two-loop integrated algorithm is designed to solve this problem, which takes the eventdriven LS optimization as the inner loop, and the coordination of event-driven LS and CLS as the outer loop.
From the perspective of application, the event-driven LS is activated immediately after the disturbance, while CLS is delayed for a while because: 1) CLS is relatively a slow centralized control process compared with LS; 2) CLS could lead to power flow redistribution and deteriorate the transient stability of the power system during the dynamic stage [15] .
A. THE DECOUPLING OF THE PROCESS
When the transient problem is the main concern, the transient security model is used to describe the system shortly after disturbances, which can be represented as:
Practically, the event-driven LS amount for transient security is often not enough for relieving the consequent overload, and so the further LS is needed. If standby lines are available, CLS can also be used as a supplementary control. Correspondingly, the overload model can be represented as:
For the severe disturbances, it is reasonable to assume that event-driven LS and CLS need to be performed together. Obviously, the total LS is:
B. TWO-LOOP OPTIMIZATION ALGORITHM
To optimize the F of (6), it needs to solve the (4) and (5) iteratively. So a two-loop algorithm is proposed as shown in Figure 1 . Firstly, in the inner loop, only the event-driven LS is optimized using linearized sensitivity analysis and step-bystep summation; then by neighbor search, the coordination of event-driven LS and CLS is obtained in the outer loop. Note that, the CLS is predetermined to solve the optimal eventdriven LS under a certain CLS, but in practical application, CLS is executed in a period after the event-driven LS.
C. EVENT-DRIVEN LS FOR TRANSIENT SECURITY
Linearization is used to solve the event-driven LS for transient security. The trajectory sensitivity is introduced to linearize the transient security constraint, which represents the change in trajectories due to the changes of related parameters [17] , [22] . Then, the model (4) can be transformed to a linear model, which is solved with linear programming method. This method can refer to [11] , the detail is omitted here for brevity. 
D. EVENT-DRIVEN LS FOR OVERLOAD
Further event-driven LS needs to be solved for eliminating the subsequent overload after the LS for maintaining transient security is determined [19] . The difficulty lies in that the change of load and power flow is strongly nonlinear. In this case, the linearization method will not work as P S will have a convergence problem. Thus, step-by-step summation is proposed to solve P S . The perturbation method is adopted to calculate the trajectory sensitivities of event-driven LS for overload a η S ,p S,i . The minor change τ p S,i of each control variable, i.e., the LS amount of each bus p S,i , is implemented and a corresponding 10s full time domain dynamic simulation is executed to calculate the overload margin indices η S [11] . The trajectory sensitivities of event-driven LS for overload of p S,i can be expressed as,
Because the control variable p S,i of bus i is perturbed one by one, the sensitivities a η S ,p S,i of all buses can be obtained. And the largest one is the most effective to improve the overload margin index η S .
Thus, the procedures of step-by-step summation to calculate the event-driven LS for overload can be listed as follows:
1) Initialize P S = 0, choose the load change step as p.
2) Calculate the trajectory sensitivity of the load at each bus to the overload margin, and increase the LS amount by p at the bus with the largest sensitivity.
3) If overload exists with the current P S , move to 2); otherwise, stop the accumulation process.
Variable step size is employed in the process. Specifically, in the first few steps, large p is used to accelerate the solving process; with the improvement of η S , small p is required to avoid over LS.
E. EVENT-DRIVEN LS OPTIMIZATION BY INTEGRATED ITERATION
Solving event-driven LS for transient security and overload separately can optimize P T and P S , respectively. However, it cannot guarantee the total LS amount, P T + P S , to be the optimal solution. Because P T only considers TFDS/TVDS but neglects the potential overload. Actually, P S can also improve transient security since all the event-driven LS carries out simultaneously, which leads to some unnecessary LS in P T . So an integrated iteration scheme is proposed to calculate the event-driven LS for both transient security and overload.
The
low is calculated as:
The process continues until when P
(i)
OI,T is shed off and η S meets the security requirement as well as P (i) OI,S ≈ 0. In the jth iteration, P (j) OI,S is shed off, which is a column vector. The elements of the vector represent the LS amount at each bus. Taking P (i) low as the lower limit, P (i) OI,T is gradually gaining concern on overload. So η S will improve along with P (i)
OI,T and P (i)
OI,S and reach to zero eventually in this iteration.
It needs to point out that though P T and P S are calculated separately in sequence, both of the related LS are executed simultaneously. If P S is shed together with P T , transient security will also be improved and the overload can be relieved earlier. This motivates the idea that the event-driven LS for both transient security and overload be shed at the same time after large disturbance. So LS for transient security and overload need to be solved coordinately in a unified process.
F. COORDINATION OF EVENT-DRIVEN LS AND CLS
Coordinating event-driven LS with CLS is an NP-hard problem [6] , [26] . No common techniques are available at present to solve it quickly to the optimality [26] . In industry, fast obtaining a suboptimal solution is more desirable than getting the optimal solution with unaffordable time consumption. Thus, the simple and efficient neighbor search method is adopted for this combined optimization problem [27] .
The basic principle is: the current solution will be replaced if a better one is found. The sensitivity of the overload security margin to the line state is used for guiding the search to avoid randomness. Commonly, switching-in a line with a higher sensitivity can decrease the LS amount. So switchingin the most sensitive line is chosen as the starting solution, and the branches with high sensitivity are granted with high priority.
Each solution is in the form of S and the (m + 1) th search starts; otherwise, jump again. Random disturbance is used in this strategy to add the diversity of S jp , which can help to avoid the local optimum. The process will repeat until the ''jumping'' times n jp reaches the upper limit N jp , then the neighbor search will terminate and the best solution in the process is given as the final result.
IV. FURTHER DISCUSSION OF THE ALGORITHM A. CHARACTERISTIC OF THE OPTIMAL SOLUTIONS OF P T AND P S
The optimal control vector of LS for transient security P opt,T is restricted by transient security and event-driven LS amount constraints. One of the necessary characteristics of P opt,T is that it makes either η f or η V reach the critical value, the detailed proof can be found in [11] . Similarly, during the alleviating overload stage, the optimal P S makes η S reach to the critical value.
Specifically, if there is no standby transmission line or transformer being switchable, the problem degenerates into a COP and is also solvable with the proposed approach.
B. PRACTICAL APPLICATION ISSUES
Due to the nonlinearity and the MIP nature of the problem, the obtained result is a locally optimum, which is acceptable in practice. A duration of 10 s dynamic trajectories of the power system after contingencies are simulated via numerical simulators. Additionally, the TFDS η f , TVDS η V , overload margin η S , and corresponding sensitivities are calculated, which are indispensable in linearizing transient security constraints and selecting the most sensitive bus and line. The computation speed of sensitivities is predominated by the power system numerical simulation, which depends on the power system scale. For a 464-bus provincial power system in China, the computation time of each sensitivity is 25.6 s on a 2.33 GHz Intel(R) Core(TM) 2Quad CPU Q8200 processor with 2 GB of RAM. And it takes about 300s for the entire iterative computation process to obtain an optimal (or suboptimal) solution.
Both the integrated iteration and neighbor search increase the computation time and restrict the online application of the proposed scheme. The off-line strategy decision and periodical matching manner can be utilized for practical application. Specifically, within the predefined period, e.g. 5 minutes, the available LS and CLS are updated. And the optimized coordinated control strategies are obtained via the procedures in Figure 1 for predefined disturbances using parallel computation. In this short duration, the power system operation state, the available LS and CLS can be assumed to be constant [17] . Then, when a disturbance is detected, the corresponding control scheme can be performed immediately to improve the power system stability and prevent overload. Furthermore, as the dynamic trajectories after the disturbance are used to estimate the transient security and calculate the LS amount, the regulating behavior of generators and the effects of other controllers are taken into full consideration. Therefore, the proposed optimization method is reliable for practical application. The key issue is then the identification of the similar disturbances, which have been thoroughly discussed in [28] , [29] .
V. CASE STUDIES
The proposed method is verified both in the modified IEEE 39-bus system and an industrial power system. The outage of several generators is assumed to simulate huge power loss scenarios. The frequency, voltage and apparent power trajectories are obtained via simulation using a commercial software PSD-BPA [30] . These trajectories and data are processed by MATLAB program, in which the event-driven LS and CLS scheme is derived. Then the obtained scheme is applied to the power system to evaluate its effectiveness.
A. CASE 1: IEEE 39-BUS SYSTEM
The algorithm is firstly tested using the IEEE 39-bus (New England) system as shown in Figure 2 , the rated capacities of the generators are given and all the other parameters of the power network can be found in [31] , [32] . To show the effects of CLS, some modifications are made, the dotted lines L1, L2 and L3 are newly added standby branches. The outage of generators on 30-bus and 39-bus are set as the disturbances, which lead to 250 MW and 1000 MW power losses, respectively. That is to say, 20.2% of the total active power (6192.9 MW) in the test system are suddenly cut off. Consequently, the system undergoes large deviations of the voltage, rotor angle and frequency. After the disturbance, η f , η V and η S are calculated as −0.5029, −0.3660 and −0.1751, respectively, which show the disturbance is large enough to result in frequency and voltage insecurity as well as overload. The simulation parameters are shown in Table I . Nine buses are chosen as the LS sites and the corresponding maximum LS amount are shown in Table II . It needs to point out that, for a practical power system, the buses for LS are carefully selected as it is not necessary (nor practically feasible) to carry out LS at all buses. A variety of related aspects need to be considered for indicating the most effective buses. In this testing case, the maximum LS amount available is set as the same as the initial load at the bus.
The event-driven LS for transient security in the linearization and iteration process is shown in Table III . Whether the LS is needed at the bus and the corresponding amount are determined by calculating the sensitivity [11] in the optimization process. The results show that after the 4 rd iteration the result is got, and 621.1 MW load is shed off. The solution converges in 4 iterations, which shows the efficiency of the linearization method. The TFDS and TVDS both reach the critical condition, which is in accordance with the conclusion in Section IV-B.
However, there are still overloaded lines and η S is −0.0498. Consequently, event-driven LS for overload is solved and 240 MW is shed off. To this step, one time of iteration is sufficient. The total event-driven LS solutions, which can maintain transient security and alleviate overload, are shown in Table IV . The LS amount converges and reaches a suboptimal solution in the 2 nd iteration and about 14.9 MW losses is avoided compared with the separate solution. It proves the effectiveness of the integrated iteration and the fact that it reduces the LS amount when considering transient security and overload in a unified framework.
The integration of event-driven LS and CLS is also tested using the proposed approach. There are three standby lines and L1 is the most sensitive one to power flow distribution. Hence, switching-in L1 is set as S (1) st,dis and correspondingly, the total LS amount is 827.2 MW.
In its neighbor, a better solution is found that when switching in L1 and L2, hence the LS amount can be reduced to 822 MW, which becomes S (2) st . No better solution is found after jumping. Accordingly, the results in the 2 nd search are the final solution. The search process is shown in Table V . Compared with event-driven LS alone, the introducing of CLS reduced 24.2 MW load loss. It verifies the benefit of the coordination between event-driven LS and CLS.
The frequency dynamics of the generators in this test case after the disturbance and the LS are shown in Figure 3 . The results show that the LS control strategies with and without CLS both can maintain the frequency stability of the system after sudden power loss. Using the proposed scheme, the frequency can be kept in relative higher range with a smaller amount of load loss after the cooperative CLS strategy. The voltage dynamics of node 3 and 8, which are close to the tripped generators and hence with low voltage sustaining capability, are selectively chosen to be shown in Figure 4 . Both the LS strategy as well as the coordinated LS and CLS strategy can maintain the voltage after the disturbance, while a higher voltage can be obtained using the later one. Therefore, the proposed method has the advantages of both reducing the load loss and improving the frequency/voltage stability.
To show the effectiveness of the proposed scheme on supporting the steady voltage, the voltage profile of all the nodes but generators after the dynamics are compared in Figure 5 . It is critically important for the electricity utilities to make the load loss as small as possible even after disturbances, hence the LS strategy is always conservative. For the test case, two generators are out of service, the system is capable to maintain the power balance by tripping the minimum loads. The steady voltage of the system is slightly lower than the initial value, but still in the acceptable range. The subsequent CLS operations can improve the power transmission capability and the network topology, so the voltage is increased to higher value, which shows the validation of the coordination between LS and CLS.
B. CASE 2: A PRACTICAL POWER SYSTEM
The algorithm is also tested with a provincial power system in China, which has 149 buses, 47 generators, 176 branches and 5170 MW load. The system diagram is shown in Figure 6 , in which dotted lines represent standby branches and most The simultaneous tripping of 6 generators in substation A1 is chosen as the disturbance, which results in 1200 MW loss of generation. The simulation parameters and the maximum available load amount at each LS bus are illustrated in Table VI and Table VII, respectively. After the disturbance, η f , η V and η S are calculated as −0.2023, −0.2190 and −0.6045, respectively.
Without CLS, the event-driven LS for transient security is shown in Table VIII . The results show that one sub-optimal result is obtained in the 3 rd iteration, in which 299 MW load is shed off.
However, a 500 kV line is still overloaded and η S is −0.4456. Consequently, event-driven LS for overload is solved and 657.7 MW is shed off. The solution converges in the 1 st integrated iteration. The total event-driven LS solutions for both transient security and overload are shown in Table IX . The event-driven LS amount converges and reaches the optimal solution in the 2 nd iteration, in which about 22.7 MW load loss is avoided.
In the process of integrating event-driven LS and CLS, the optimal coordination is obtained by neighbor search. There are four standby lines and L1 is the most sensitive one to power flow distribution. Hence, the solving process can be illustrated as follows: 1) Switching in L1 is set as S (1) st,dis and correspondingly, the total event-driven LS amount is 750 MW; 2) A better solution is found when switching in L1 and L2, and the event-driven LS amount reduces to 518.3 MW, which becomes S (2) st ; 3) A better solution is to switch in L1, L2 and L4, and the event-driven LS amount is 510 MW, which is chosen as S (3) st ; 4) In its neighborhood, no better S (3) ge is found after jumping. Accordingly, the result in the 3 rd search is chosen as the locally optimal solution. The searching process is shown in Table  X . Compared with individual event-driven LS, the optimal coordination with CLS reduced about 424 MW in the LS amount. The robustness of the algorithm is tested by changing the fault location and generation losses. The results for different scenarios are shown in Table XI . To illustrate the effect of coordination between LS and CLS, the LS amounts only using the event driven LS method are listed in the table. The saved LS amounts after the CLS are illustrated in the last column of the table.
Clearly, in these cases, with only a few times integrated iteration, the total event-driven LS amount can be significantly reduced. It proves the effectiveness of the unified framework considering both the transient security and overload. The convergence process also shows the high efficiency and practical feasibility of the integrated iteration scheme.
VI. CONCLUSIONS
In this paper, an optimization model considering the coordination between event-driven LS and CLS is presented. The purpose is to guarantee transient security and avoid overload after severe disturbances with a minimum of LS amount. The contributions of this article can be summarized as following:
(1) A two-loop integrated algorithm is designed to address the coordination control between LS and CLS in a unified framework, therefore, the over load shedding problem can be effectively addressed.
(2) The transient security and overload are both considered in the proposed scheme, which guarantee the transient stability and the static constraints after fault.
(3) The practical implementation of the proposed scheme is discussed and tested with a benchmark and a real provincial power system, which show the effectiveness and feasibility of the proposed method.
In the future work, we will extend the framework by considering the coordination of the proposed approach with other present control strategies, such as UFLS and UVLS. The proposed method also needs further investigation on switching off of the transmission lines, therefore the topology reconfiguration can be fully used for maintaining the postfault security of the power system. The practical implementation of the centralized control strategies considering the above mentioned factors needs to be carefully examined. 
